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1. INTRODUCTION

"A workshop on Natural Charging of Large Space Structures in
Near Earth Polar Orbits, sponsored by the Air Force Geophysics
Laboratory and Boston College, was held on 14 and 15
September, 1982, at AFGL. Many of the specialists in the area of
spacecraft charging problems a'sembled to discuss the necessity
and/or possibility of developing realistic, effective codes
describing the interaction of low-earth orbiting systems with the
environment.... There are considerable differences of opinion
among specialists in this area concerning the nature and
magnitude of the problems and the feasibility of developing
realistic mc, dels or codes to deal with them." 1

The POLAR code was started amidst controversy. At the workshop, questions

were raised about whether large objects would charge in polar orbit and

whether it was possible to model the relevant physics. Others expressed

concerns about how resultant computer models could be validated. The polar

orbit charging question was answered and observed by Geophysics Laboratory

(GL) instruments mounted on DMSP spacecraft.

The POLAR code was written to model charging by large spacecraft in low,

polar orbit. This report documents comparisons of POLAR code calculations
with flight experiments. Calculations of the plasma wake behind the Shuttle

Orbiter are compared with in the situ measurements of Murphy et al. [1989].

Calculations of the charging of DMSP-7, performed by Dr. David Cooke of the
GL, are compared with the flight measurements of Gussenhoven et al. [1985].

Calculations of current and potential on the SPEAR I rocket are compared with

the flight measurements. Calculation of electron collection by the CHARGE II
mother rocket payload are compared with the flight observations of Myers et al.

[1989]. In all cases, the POLAR calculations agreed with the essential features

of the observations.

The Shuttle Orbiter and SPEAR I comparisons were intended to be with

preflight predictions. In both cases, however, malfunctions during the flights

1 Proceedings of the Air Force Geophysics Laboratory Workshop on Natural Charging of Large
Space Structures in Near Earth Polar Orbit: 14-15 September 1982.
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changed important parameters and required new calculations. The Orbiter
main engine shut down early, lowering the orbit by a hundred kilometers. A cap

on the SPEAR I plasma contactor didn't open allowing potentials of thousands
of volts to appear on the rocket chassis. In both cases, the POLAR calculations
were redone using the same model used for the preflight calculations, but with

parameters appropriate for the actual flight.

This validation document has three parts in addition to the introduction: the first
is a summary of the physics learned during the POLAR development and
validation; the second is a discussion of the physical processes modeled by the
POLAR code; the third part is a collection of papers that discuss the

comparisons with the flight data.
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2. SUMMARY OF POLAR ACHIEVEMENTS

"In brief, we require of new theories that they account for the results
predicted by existing theories and that, in addition, they predict ncw
results. " 2

The POLAR development and validation efforts have lead to predictions and a
new level of understanding about the physical mechanisms that determine
spacecraft plasma interactions with the ionosphere. POLAR has answered
many long, outstanding questions. The details are contained in the attached
papers, and the validity of the results is born out by direct comparison with
observations. The following paragraphs summarize POLAR's most significant
contributions to spacecraft interaction physics. In each case, the results would
not have been possible without the data and cooperation of the flight

experimenters.

i. The physical processes controlling the plasma wake of large (-10 meter)
spacecraft have been elucidated and compared with observation.

Ions are accelerated into the plasma void behind large satellites by density
gradient electric fields. The POLAR comparison with in situ measurements

of the orbiter wake [Murphy & Katz, 1989] showed that the density over
shoots and wake structure seen in laboratory experiments were not
relevant to spacecraft in the ionosphere.

,, POLAR includes the physics necessary to model wakes.

2 Auroral charging is predictable and increases with spacecraft size.

POLAR was developed to pursue the speculations of Parks & Katz [19811.
POLAR was just one part of a Geophysics Laboratory (GL) investigation
into auroral charging. Measurements of auroral charging on DMSP were
reported by Gussenhoven et al. [1985] on DMSP. POLAR calculations by

2 M S. Gussenhoven, Proceedings of the Air Force Geophysics Laboratory Workshop on
Natural Charging of Large Space Structures in Near Earth Polar Orbit: 14-15 September 1982,
Chapter 31, "Requirements for Validating System Models".
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Cooke et al. [1989] using data provided by Gussenhoven, reproduced the
observed levels of charging. The POLAR calculations also showed that a
small satellite would have charged to just a few volts.

4 POLAR includes the physics necessary to model auroral charging.

3. Electron collection from the ionosphere by active experiments is

magnetically limited except at low (<250 km) altitudes.

POLAR calculations of the CHARGE II mother payload showed that the

data of Meyer, et al. [1989] actually agreed with magnetic limiting, contrary
to much speculation in the literature. The POLAR model of the rocket had
the correct finite cylinder geometry, and collected current in agreement
with the measurements. The POLAR currents were substantially larger

than the spherical probe results previously applied to the problem. The
SPEAR I calculations [Katz et. al., 1989] showed how deviations from
spherical symmetry enable electrons to cross magnetic field lines and be
collected by high-voltage probes. In neither case was any "turbulence"
necessary to explain the experimental results.

/ POLAR includes the physics necessary to model plasma sheaths.
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3. POLAR CODE PHYSICAL MODELS

Below are outlined the basic physics models solved in POLAR. More details on

the algorithms used to implement the models are contained in the POLAR

Code Users Manuals.

3.1 PLASMA SHEATH

POLAR solves Poisson's equation in the volume surrounding a spacecraft.

S=f(1)
0

For potentials, 0, small compared with the background plasma temperature 0,
the space-charge density, p, is calculated assuming linear screening:

2 sheath(2)

where . _ 0In2, (3)

the potential where linear shielding breaks down [Parrot, Storey, Laframboise &
Parker, 1982]. In many cases, the value used in POLAR for 0sheath is higher,
due to numerical eccuracy considerations, but even for the most extreme cases,
it is less than a few volts. This value sets the the low potential accuracy limit of

the code.

For larger potentials, the space charge density is calculated by tracking
representative macro particles in a fixed potential,

R= 1(i x B - V). (4)

The potentials are assumed to remain steady during a particle transit through

the sheath. This sets the lower bound on the timescales, which can be modeled

using POLAR. Potentials and charge densities are iterated until a self-
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consistent solution is obtained. To speed convergence, an analytical estimate

of the space-charge density is used to obtain the initial potential iterate.

3.2 NATURAL CHARGING

Surface potential, 0, changes are calculated using the capacitance, C, between
the surface and the underlying chassis ground,

C LO = , x A , 5

where A is the surface area. The net current density has several components,

=et jincident x (1 - ysecondary e_ baCkscatter e)+ isheath X(1 + ySecondary a) jhoto (6)

The incident ion currents are calculated by tracking particles through the

sheath. The incident electron current has both a low and high energy

component. The low energy component is treated as a single temperature

Maxwellian and accurately represents the cold, dense ionospheric background.
The high energy component is used to represent auroral electron fluxes and

can be of the form

2 2

j(E) = aE(E - eo) + n (- e+ bEe (7).2x x(kT)

This form has been shown to fit inverted-V spectra [Fontheim et al.,1982].

3.3 PLASMA WAKE

The model of the wake structure used by POLAR depends on the position

relative to the so-called ion front. This ion front marks the boundary where

electron density begins to change on a scale commensurate with the Debye

length and the ion density takes a sudden and dramatic drop. Ahead of the ion
front, the plasma is treated as rarefied; its motion is controlled by the thermal

spread in ion velocities. Behind the front, the motion is controlled by the

electron temperature and ion mass.

6



Trie governing equations in this region ahead of the front, considering that

electrons are more mobile than ions and that they maintain equilibrium with a

local potential, are:

the Boltzman relation: ne noexp(e 0/kTe) (8)

aIn
continuity: t + n v) = 0 (9)

Ov v ( -e (0equation of motion; -+ z - M az (10)

a2

Poisson's equation; - 4 e (:l- n) (11)
aZ

2

where no = ambient density

n, = ion density

ne electron density

EE = electron temperature
e = electron charge

= local potential

k = Boltzman's constant

z is a variable representing distance parallel to the front velocity or, in the case

of POLAR, perpendicular to the orbital velocity.

Crow et al. [1975] have numerically solved the above equations to predict the

position of the ion front. POLAR uses an analytical fit to the Crow results [Katz et

al., 1985]:

zF(t)=2;d{X ()t +l1)ln(1+ awt) -cot - (1- 4 29 )(Wt -- In(l+ ocwt))

2 2

(4 n e ) (kO e)

where o- M , ,n- 2 (12)
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are the ion plasma frequency and Debye length. a is a free parameter

determined to be - 1.6.

Katz et al. [1985] showed that this formula agrees well with laboratory data from

Wright et al. [1985]. Ahead of this front ZF, the plasma is assumed to expand

due to thermal motion, the so-called "neutral approximation". Behind ZF the

plasma evolves into a state that is self-similar [Chan et al., 1984]. The self-

similar solution of equations 8-11 for z > Sot is

n = noex p  -Stj} (13)

2

where So = (kO,/M) is the ion acoustic speed.

We take the time variable to be spatially defined as:

t= X (14)
0

where x is the distance behind the object (perpendicular to z) and V. is the

orbital velocity.

The wake routines in POLAR employ both limiting cases: (1) ahead of the ion
front the electric field is negligible and the motion of ions is identical to neutrals;

(2) behind the ion front, whose position is determined by equation (12), the

quasi-neutral, self-similar solution of equation (13) is implemented.

POLAR has routines that accurately model the geometry of the object, and the
"neutral ion" trajectories are calculated from:

fi( 1,v) = g(, Q) fio (V) (15)

where fio (V) is the unperturbed distribution function for a drifting Maxwellian;

g(VQ) has value "0" if a ray starting from I and going in the direction Q would

strike the vehicle, and "1" if it would not.

8



The local density is given by:

n, = () fi (21V) = J g(',Q) {f fio(,Q)v 2dv}dQ (16)

This initial density calculated in three dimensions fur neutral particles is
compared with density calculated assuming the complex geometric object is
replaced by a flat plate at a position where the dominant source appears at the
object edge. This ratio provides a "geometric correction factor" that is applied to
the quasi-neutral, one-dimensional solution discussed above for positions
behind ZF. In this way, POLAR can calculate quite rapidly an approximate value
for the ion and electron densities in thp wakes of complex objects.

Note that the assumptions behind the front are: (1) the electron temperature
and ion mass govern the equation of motion; (2) the plasma is quasi-neutral;
(3) the magnetic field does not affect the ion or electron motion; (4) equa-
tion (12) serves as a good approximation for determining the boundary of the
ion front; and (5) the geometric correction factor calculated in detail with the
3-dimensional neutral model can be approximately applied to correct the
plasma densities as well. Therefore, the algorithm can address complex
geometries but takes advantage of the smooth wake structure characteristic of
ionospheric plasmas where 0 0'/e = 1.

9



4. FLIGHT DATA COMPARISON PAPERS

The papers on the following pages discuss POLAR code model comparisons
with flight data.
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Structure of the Bipolar Plasma Sheath Generated by SPEAR I
I KrT.' G A. Jo (,FwVRts.' V A. DAVIS,' M. J. MANDEI.L, t R. A. KtUHARSKI t J. R. LILLEY. JR.,' W. J. RAITT.2

D. L COOKE.' R. B. TORBERT. 4 G. LARSON.' AND D. RAU 4

I he SpaL:c Power I-V periment Aboard Rockets I (SPEAR I) biased two 10-cm radius spheres as higha, 46.t i) V positie wtth respect to in aluminum rocket body The experiment measured the steady state
current to the spheres and the floatmg potcntial of the rocket body. Three-dimensional calculationsperformed using NASCAP LEO and POLAR 2.0 show that both ion-collecting and electron-collecting
sheath, "ere formed The rocket bod) potential with respect to the ionospheric plasma adjusted to
ahiese a halance between the electron current collected by the spheres and the secondary electron-
enhanced ion current to the rocket body This current balance was obtained with a large ton-collecting,heath t[bat enveloped most of the electron-collecting sheath and reduced the area for collection ofionospheric electrons The calculated current is in agreement with the flight measurement of a steady
,iate current of less than t 1t A The calculations show that the rocket body was drten thousands of;,ols negative oith respect to the ionospheric plasma. The calculated rocket potential is within theuncertamnti of that inferred from ion spectrometer data The current flowed through the space plasma.
There %a, almost no direct charge transport between the spheres and the rocket body.

I\ IROt ( t10 Power Esperiment Aboard Rockets I ISPEAR 1)(W. J. Raitt
Since the first time that electron guns %%ere placed on rock- e( al . unpublished manuscript. 1988) was specifically designed

et,. the %oltage on a rocket necessary to collect ionospheric to measure whether or not the Earth's magnetic field impedeselectrons and complete the circuit has been the subject of electron collection. SPEAR I had two 10-cm radius spherical
much debate [k, inkher. 1980] Classical theories [Langmuir electron collectors each at the end of a 3-m boom. The
and, Blhi ,. 1924: Iot-Smtith and Laniqnuir, 1926: Beard planned experiment was to apply a positive voltage on theapd J,,hnit. 1961. C/ten. 1965, lofranthise and Rubtnsteift. spheres, up to 46.000 V with respect to the rocket body. and
I''6 Riihn stet anid I.afronthtse 1978. 1982. 1983: Parker measure the current of collected electrons from the tono-and %turp/t. 1967] predict that even for low-current electron sphere. In place of an electron beam. SPEAR I carried a
he.ims (less than 100 mA. rocket bodies will charge to thou- plasma contactor on the bottom of the rocket to emit elec-
sands of volts Early experiments, however, measured poten- irons and complete the circuit through the ionosphere. The
tial, of less than 100 V for beam currents as high as an ampere plasma contactor was designed to keep the rocket body close
isee Witk/er [1980] for a review of the experiments). Theor- to the same potential as the surrounding ionosphere. Conse-
eticians questioned the %alidity of the measurements: expert- quently. most of the potential difference applied between the
merts dismissed the theories as obviously irrelevant. In more sphere and rocket body was intended to be dropped across a
recent years. experiments performed aboie 300 km produced large electron-collecting sheath.
measurements more in agreement with theoretical predictions During the SPEAR I flight, the cover failed to come off the
[ \Iit-hium ei al., 1988]. Using tethered subsatellites (so-called plasma contactor. Because of this. the plasma contactor was
'mother daughter" pa' loads. potentials have been measured unable to expel the electrons collected by the spheres. The
more reliably While at low altitudes the measured rocket po- rocket bod) was driven thousands of volts negative to achieve
tentials remain low. the results for higher-altitude rockets tend current balance. Instead of a single, nearly spherical electron-
to agree with classical theories of space-charge limited col- collecting sheath around the spheres. a second, larger ion-lection The low,-altitude results are thought to stem from toni- collecting sheath was formed around the rocket body, par-,atton of neutral gas within the electron collecting sheath [Lai tially enveloping the electron sheath. The structures and inter-

et al. 19M5] Still unresolved, owing to the relatively low po- actions between the two sheaths and the closure of the circuit
tentials on the rockets, is the influence of the Earth's magnetic through the ionosphere are the subjects of this paper. Theheld on electron collection basic theory of high-voltage objects immersed in a plasma isClassical :-cortes predict that near large high-voltage presented. followed by the results from detailed, three-
probes, the ionospheric electrons are constrained more by dimensional calculations for the SPEAR I parameters. Both
ma,,nettc field lines than attracted by the probe potential. This the flight results and the supporting calculations show that
should result in a decrease in current from space-charge limit- when the neutral gas pressure is low enough that ionization
ed predictions that has .et to be observed in space The Space can be ignored. the sheath currents are small and are con-

trolled by the geometry of the exposed high-voltage compo-
nents.

'S-('ubed Disision of Mavlaell I aboratories. La Jolla. California .\PRMF.NTAi ARRANGFNIFNT't tah State Universit'. Logan The geometric arrangement of the booms and payload'ir Force (Geoph'.si*c I ahorator%. Hancom Air Force Base. structure is shown in Figure . The 10-cm radius gold-plated\.|a,ahu~etts.srcuet hw nFgr .Te1-mrdu odpae
'I niversit) of Alabam. Huntsville spheres were mounted on bushings constructed with grading

rings connected by resistors. The bushings produced a uniform(,p.right 1989 h. the Ameri.an (ieoph'si,.al nion potential gradient from the spheres to payload ground at the
Paper number 48JA03951 Y junction of the two bushings with the plastic support boomit4,x.022"- X9 XXJ.A-039ilSM(K) shown in Figure I The total resistance along each bushing

The U.S. Government is authorized to reproduce and sell this report.
Permission for further reoroduction by others must be obtained from 14SO
the Co yriqht owner.
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*1.0- 41 absence of plasma currents, the applied potential would decay
04 9 0 9'.2 to near 0 V during the 5-s period for which the capacitor was

1.0 connected to the sphere.
Figure 2 illustrates the two current monitors used to mea-

.05 1.1 sure the total current from the capacitor and the current flo-

ing down the graded bushing. The plasma current to the
a phi: Gol spheres was determined from the relationIbushbg : .Nickel ,0 - 1.2

booM PtaUiC
rockee body Aluminum . - - l

6.5 where I is the measured s.oltage on the capacitor in kilovolts
.44 -and the constant 700 is the constant fixed resistance connected

between the capacitor and payload ground. An example of the
3.5 plasma current to the sphere as a function of applied voltage

is shown in Figure 3.
In addition it) the high-%oltage generating and monitoring

instruments, the payload also contained diagnostics to mon-

tot neutral pressure. ambIint electron density and temper-
Su .MSI Motristsme lonl(moers) ature. VLF and HF %%ase intensities, energetic ion and elec-

Fg. t. The SPEAR I experiment The rocket body was alu- iron fluxes up to 30 keV. and optical imagery and photometry
minum. the booms were plastic the bushings Aere nickel, and the of glow in the ,icinity of the spheres. A hollow cathode
,pheres were gold. plasma contactor %%as also included in the payload witI its

plasma orifice at the end of the payload remosed from the HV
was I MOl, and the number of rings used resulted in a poten- spheres.
tial drop of about I kV between each pair of rings when the SPEAR I was launched from NASA Wallops Flight Facility
sphere was at a potential of 46 kV. The rocket body was on December 13. 19X7, at 2045 EST. It reached an apogee of
polished aluminum with a surface area of just over 5 m' and 369 km at 351 s after launch. All of the results shown in this
was connected to payload ground. paper were taken within 10 km of 350 km. No significant

The voltage between the spheres and the payload ground altitude effect was observed between 120 and 320 km. The
was supplied from a charged 2.5-/uF capacitor switched to the pressure measured during most of the high-%oltage experi-
spheres by a high-voltage relay. A current-limiting resistoc of 2 ments ranged heitern 10 ' tid 10- " tort J. Pickett and G
kQ was connected in series with the capacitor. The electric Murphy. prisate communication. 1988). This is significantly
schematic diagram of the high-voltage section for one sphere higher than the unperturbed ambient environment. During the
is shown in Figure 2. The fixed resistor of 700 k(O in parallel last two high-voltage shots, the rocket was below 130 km and
with the bushing resistors of I Mfl resulted in a decay time the background pressure was in excess of 10'" torr. During
constant of I s for the capacitor, ensuring that even in the these last shots. ,xtenisc ioni/atlion occurred and our calcula-

SPEAR 1
HV System - Schematic Diagram conducting

Enclosure Boundary Graded Boom

Curr ent OM
Source.....

M4k Braidin

curen '1JM ... . .__ .. . .. ._. .. . .. =

S rU n d stu rb e d Io n o s p h e re

-(Space System Voliage Reference)

I ig _2 nha hih-s olt,n c circ:uit or o)ne: of Ihc t o ,pheres Included ire ihe iwo current monitors. lilt and Ahi
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spectra showed a high-energ) cutoff which saried as the ap.
I plied sehicke-sphere potential varied. The expected peak in the

V~kV1 880 (A ion spectra was obsersed. hut it was broader than expected

fron classical. ciillisionless acceleration of ionospheric ion~s

through the %.chicle charge sheath. Upper and lower bounds
)i the %chicle potential based on the spectral cutoff and peak

D cnergicN are shown in Figure 4.
Further details on the instrumentation and examples of the

~ flight data achiesed can be found elsewhere (W. J. Raitt et al.,

on296s MET - unpuLishcd manuscript. 1988).

350km altl HI.R

. . .. - . . -. Ihe calculations presented depend on a few basic principles.
to 20 30 40 V-irst. a space charge sheath forms around the rocket surfaces

Potential (kV) which are at high potentials with respect to the surrounding
fi:IThe :urrent %erstis ooiage data where onh one sphere wads ionospheric plasma~ The size of the sheath i., such that the net

hared he~ daa Aret~p~alof ll he iger-ltiudeshos. space charge in the sheath cancels the charge on the surfaces.
Second. rocket components positive with respect to the iono-

tion, do not applN F-or most of the experiment, the rocket was spheric plaistma collect electrons, and negative surfaces both
oricntcd so 'hat the Fairth , magnetic tield was perpendicular collect tons and emit secondary electrons. Finally, charges

to the plane of the bushings and booms. During the later tio%.. between the SPEAR I rocket and the ionosphere in a

portion of the fligiht, the rocket was reoriented with respect to complete circuit: the sum of the current from the positive
thc: rmeneic field, but no effect was seen i the data. surfaces is exactly balanced by the current to the negative

The failure of the cap reniosal on the plasma contactor surfaces. these bastc principles control the time-averaged re-

resulted in the pasload ground being driv.en to high negative sponse between SPEAR I and the ionosphere.
poteniials as described earlier. The resulting ion flux from the A high-voltage capacitor in the SPEAR I rocket applied as

ionospheric plasma to the vehicle was detected by the ion much as 46.(X)) V between a 10-cm radius sphere and the

sensors of the energetic particle detectors. The ion flux energy body of the rocket. In at Nacuom. applying this potential to an

SPEAR 1 Chassis and S1 Potentials

100000-

10000.

z
--- Lo Bound

- - Up Bound

U

10 NASCAP/LEO

311 399 400 401 402 40 3 404

Time
I I tw ir\spcr menialt oreitired spacecraft ground potentiat as i fiinet ion of time dluring one discharge of the

Srs\\S(4.P l'ti-predicied ground poientials ire shown as diamonds on the curse
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isolated sphere would cause a charge of 5 x10 C to appear still without magnetic field effects Calculation of densities

on the surface. If immersed in a n, = 5 10 '' m . I' = 0. 1 from the equations of motion (e.g.. following particle trajec-

eV plasma. typical of the ionosphere observed during the tories) is valid for all geometries and magnetic fields but is
SPEAR I flight. the potential excludes ions Irom a substantial frequently hampered by numeric4l approximations and statis-

volume around the sphere If the electrons were immobile. tical noise. Both techniques are used in the calculations below

ions would be excluded from a 2.5-m radius volume sur- Analytical expressions are used in the bulk of the calculations.
rounding the sphere 1(4n 31R 'tic - 4ncr The space charge and to check those results, a few calculations were done by
of the remaining electrons would balance the surface charge following electron trajectories.
on the sphere. The transition from a quasi-neutral plasma to In general, the sphere collects only a fraction of the electron
the complete exclusion of ions occurs ini a few Debye lengths current which enters the sheath. Even with no magnetic field.
at the edge of this volume. ()n the scale of the volume radius, electron angular momentum can prevent sheath electrons
this is a very rapid transition. For the ion space charge to be from reaching the sphere. However. for the 46-kV potential
significant. the local potential must be within a few k T of the and the plasma parameters being discussed, this is not a
ambient plasma potential This is less than 10 ' of the applied factor; all the 390-mA current entering the 7.l-m space-
potential during the SPEAR I night, tinder these conditions charge-limited sheath would be collected in the absence of a
the sharp sheath edge approximation i.e.. the assumption that magnetic field. A magnetic field can reduce the current col-
the transition between the quasi-neutral ambient plasma and lected. Self-consistent. steady state calculations (M. J. Mandell
the ion-free electron sheath is discontinuous, is accurate. This et al., Current collection by a high-voltage sphere from a cold
approximation is used in all of the calculations below. magnetoplasma. submitted to Journal o. Geophysical Re-

When the electron response is included, the sheath radius search, 1988) show that high-voltage spherical probes in iono-
expands. The self-consistent, space-charge-limited electron spheric plasmas collect currents close to the limit derived by
density and potential in the sheath surrounding a high-voltage Parker and Murphy [ 19671. The Earth's magnetic field of 04
spherical probe was first reported by l.anqmur and Blodqett G would reduce the collected current to only 14 mA from the
[1924]. The potential is obtained by soling Poisson's equa- 390 mA corresponding to the space-charge-limited value. Ac-
tion with the boundary conditions cording to recent estimates (P. Palmadesso, private communi-

cation, 1988), turbulence may cause cross-field transport and
tl(a) = I" increase the collected current, but it would still be only a small

tIR,) (0 2) fraction of the sheath current. The calculations of the current

to the spheres presented here all include the effects of the

0 magnetic fields on the electron trajectories. The magnetic field

r . is particularly important for small rocket body potentials and

where a is the sphere radius and R,. the sheath radius, is found large electron sheaths.

as an eigenvalue. The last equation results from Gauss's law Around a negative sphere an identical sheath would form.

when the space charge cancels the surface charge. but with space charge of the opposite sign. Ion motion is

Plasma electrons enter at the sheath edge and are absorbed essentially unaffected by the Earth's magnetic field. When kil-

by the sphere. In steady state and wiAhoul a magnetic field. ovolt ions impact aluminum oxide surfaces. they generate a

current continuity and conservation of energy lead to an ana- large number of secondary electrons [Diet: and Sheffield.

lytic expression for the space charge '1 his ekpression depends 1975]. For the high voltages experienced during the SPEAR I

only on the radial position, the potential at that position. the flight, each ion most likely produces more than 10 electrons.

,heath radius, and the current denity entering the sheath. Secondary electrons produced by ion impact dominate the

current to negative potential surfaces. However. since the elec-

=J~ ~ t~(- rons accelerated by the high fields travel more than 170 times
r 2.-p rl as fast as 0" ions, the ions still dominate the space charge

density around a negatively charged object:
Parro et al. [ 1982] report that weak. long-range potentials in

th plasma increase the current densitt entering the sheath to n,' 170"

JI, 14 ., ...... ( 4) n.\ 0,! 1 ,

where J,,,,,, is the one-sided plasma electron current density. The secondaries are accelerated along field lines. and almost
This sheath current results when magnetic fields are neglected. all pick up too much angular momenltm to be collected by
No comparable results are aailable with magnetic fields. The the spheres. The calculations below include the current from
calculations use (4) to relate the sheath edge current density to ion-produced secondary electrons but ignore their contri-
the ilasma thermal current. The solution to Poisson's equa- bution to the space charge.
lion with the boundary conditions in 12) and the space charge Finall,. when the spheres are biased positive with respect to
density in 13) gives a sheath radius of 7.1 m. the rocket hod:.. the rocket body floats to a negaive potential

The identical charge density could be found by soling the Aith respect to the plasma It floats to the potential where the
equations of motion for the electrons and integrating over the ion and secondar electron current to the body exactly bal-
local distribution function, The analytical expression for space ances the electron current collected by the spheres. The iono-

charge density [Mandell and Kat:. 1983] is simpler to evalu- ,pheric plasma currents respond to a change of body potential
ate than integrating the equations of motion hut is valid only on the time scale for a particle it) transit the sheath less than
when the geometry is symmetric and the magnetic field is so i microsecond for electrons and less than a millisecond for
weak that it does not affect electron orbits. The anal)tlical ions. In comparison, the voltage is applied to the spheres for a
technique has been extended to more general geometries. but seIond. [he floating potential response is so fast that at least
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in a time-aseraged sense, the net current to SPEAR I must be Both codes use the sharp sheath edge approximation, which
zero defines the sheath edge to be the potential contour beyond

While the elements of the theory presefnted here are not which the repelled species is entirely excluded. The Debye
ncs. some components, particularly the mechanisms control- length for the I region ionospheric plasma is extremely short.
line electron collection from the ionosphere, have been at odds of the order of a centimeter. and the sheath dimensions are
'ith data from lower-altitude rocket experiments. The calcula- la-ge, of the order of tens of meters. The zone size at the
tions that follow show that all three elements (space charge sheath edge is of the order of half a meter. To compensate for
sheaths, collected plasma currents, and current balance) are the large Lone size. the sheath boundary potential was taken
important in order to understand how the ionosphere re- to be 10 eV. The grid for both codes consisted of several

sponded to SPEAR I embedded grids of progressively finer resolution. The finest
grid resolution is 5 cm and is used to resolve the space around
the spheres Several calculations of current collection by a

(_AL(1 t ATioNS sphere were performed using the three-dimensional codes and
The calculations presented below were performed to com- compared with results from lower dimensional analyses. The

pare the flight measurements with the -issical theories of two-dimensional simulations including a magnetic field per-
electron collection from a magnetized plasma. The calcula- formed for this comparison are discussed elsewhere (M. J.
tion, %ere done using the NASCAP LEO and POLAR 2.0 Mandell et al.. Current collection by a high-voltage sphere
computer codes which take account of the SPEAR I three- from a cold magnetoplasma, submitted to Journal of Geoph"'si-

dimensional geometry as well as space charge and magnetic il Research. 19881. The three-dimensional results are within
tields While the experiment ideally would consist of spheres 20".. of the comparable two-dimensional calculations. For the

floating in space. the actual experiment. Figure I, consists of cases in which magnetic fields are important. POLAR is in
two spheres supported by meter-long resistive bushings. good aigreement with the two-dimensional results, while

N %'SC.P LEO .Mohndeii et al.. 1982] and POLAR [Cooke NASCAII 1+0 makes errors as large as 50"... POLAR is able
t al. 19X5. Llci et al.. 1986. Kat: et al., 1984] both solve to correctlx model the contraction of the sheath perpendicular
Pojs,on', equation in three dimensions to determine the elec- to magnetic field due to v x B forces on electrons; the sheath
tric potential distribution in the plasma surrounding a space- NASCAP .EO calculates is unmodified by magnetic fields.
,r,ilt They, differ in that POLAR uses particle pushing to The same ionospheric plasma parameters. n,,= 5 x 101"
solse for the self-consistent space charge density by iteration, in .A7. 0. I eV. and IBI = 0.4 G. were used in all the calcu-
and NASCAP LEO uses space charge obtained from formulas lations. These parameters are consistent with the flight

based on current continuit. in a homogeneous background measurements. In both codes, plasma currents are calculated
pla-.ma Both codes use particle pushing to determine the by tracking test particles in from the sheath edge until they hit

pla,rna currents Substantial testing has shown that in the the object or leave the sheath. The particles are suhlect It)
absence of a magnetic field. the formulas in NASCAPLEO both electrical and magnetic forces. Owing to the magnetic
hase a wi;de range of applicabilitvy and can be as accurate as field, a small fraction of the electrons neither leave the sheath

the particle pushing results. By using the analytical formulas, nor arc collected by the object even after extensive tracking.
\AS( AP LEO can find the sheath in less than one tenth the Our twio-dimentional analysis has shown that self-consistent
time of the self-consistent POLAR code. However. for the space charge contracts the sheath perpendicular to the mag-
unusual geometries and strong magnetic effects seen in netic field and reduces the number of apparently trapped par-
SI'F-AR I. it was necessary to perform self-consistent POLAR ticle, and that these particles will eventually hit the object. In
cilculitton, for at least a few cases in order to assess the the SPI-AR I cilculations the number of trapped particles
iiJr.Itc . of the more .ipproim lite NASCAP LEO calcula- .iccounited for no more than 20",. of the collected current
1i0n, Neither counting them is collecled nor discarding their contri-
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bution changes the results significantly: in the results below, Z
they are always included in the collected current. Fig 8a. Potential contours calculated by NAS(CAP LEO for the

Ions produce large numbers of secondary electrons from case with one sphere biased to 46 kV and the spacecraft ground at

aluminum oxide. Normally incident 10-keV oxygen ions were -6 kV.
assumed to produce seven secondary electrons when they
impact aluminum oxide. The most applicable data were for body potentials. NASCAP:LEO calculated the ion and elec-

Na on AI,O,. The value for 0' vas estimated from the Na* tron plasma sheaths along with the current to the rocket. The
results of comparable ion v.':ocity Following Dietz and Shef- equilibrium rocket body floating potential was determined by
field the secondary yield 7 was assumed to vary linearly with balancing the electron current to the sphere with the second-
velocity: ary electron-enhanced ion current to the rocket body. This set

C(t - (61 of calculations thus yields both the potential on the rocketbody and the current to the sphere. Calculations using the
where i, is the threshold velocity of 5.5 , 10' m s- I and C is POLAR code were performed for 46 kV on the sphere and
chosen to make the yield equal 7 for a 10-keV ion. The inci- both -6 kV and -8 kV on the body. These calculations
dent ions were assumed to hit isotropically. which increased
the effective secondary yield by a factor of 2. The ion-
generated secondary electron yield is the largest uncertainty in

the calculations.
The calculations simulate the SPEAR I discharges when a

single sphere was charged to the highest voltage and the volt-

age decayed owing to both the plasma currents and the cur-
rent through a fixed resistor The highest measured voltage on

SPEAR I was 45,320 V. the calculations Aere done with volt-

ages of up to 46.00 V Four different applied voltages. 46. 24,

12. and I kV, were chosen to represent the sphere voltage
during the discharge. For each sphere voltage a series of calcu-
lations was performed varying the potential of the rocket body

with respect to the ionospheric plasma For each of the rocket

20
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-40. - .
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-120

•14 -12 -10 -1 -6 -4 -2 0

ground potentlal (kV) I ig Sb Path of an electron in the potentials shown in Figure Ka

I ig 7 (ilcillited ion and eleciron currents collected its a function Note thit the path is dramaticall influenced hb the presence of the
of ground potential for Ihe case %here 4h kV is applied to one sphere jon-collecting sheath
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fig 1) Current-, ofile.tld as a function of the ground potential including the effects of secondaries and the presheaih
enhancement for the case %here 46 kV is applied to one sphere.

showed that for these interacting bipolar sheaths. NASCAP While the electron current entering the sheath decreases
LEO. which uses space charge formulas, gives almost the same monotonically as the body floats negative, the electron current
results as POLAR, which uses space charge found from self- collected demonstrates a more complicated dependence on the
consistent particle tracking. For a rocket body potential of body potential (Figure 71. For small body potentials, the elec-
- 8 kV. the collected electron current by the sphere is 47.6 mA tron current collected by the sphere actually increases as the
iNASCAP LEO), compared with 53.4 mA (POLARI. The col- current into the sheath decreases. The magnetic field reduces
lected ion current by the rocket body is 3.3 mA (NASCAP, the collected electron current to a small fraction of the current
LEOi compared with 3 I mA (POLAR). When ion-generated entering the sheath. However. as the body potential becomes
secondary electrons are accounted for. the floating rocket negatise, it forms an ion-collecting sheath which distorts the
body potential for current balance from both NASCAP LEO symmetry of the electron-collecting sheath. This distortion en-

and POLAR is -8.3 kV. ables electrons entering the sheath to v x B drift into regions
of strong electric field, from which they can be collected
(Figure 8). As the body potential varies from 0 to -4 kV. the

R-StLrs fraction of electrons collected increases faster than the electron
The ion-collecting sheath surrounding the rocket body sheath area decreases. For large negative body potentials.

dominates the smaller electron-collecting sheath around the most of the current entering the sheath is collected, and the
sphere. As is shown tn Figure 5. even though the body poten- net electron current collected decreases because the sheath
tial is only a small fraction of the sphere potential, the much area decreases. The potential where the collected electron cur-
larger sheath forms because the surface charge on the 5-m: rent starts to decrease as the sheath decreases provides an-
rocket body is much greater than the charge on the 0.04-m other bound on the body floating potential. This bound does
sphere This is only due to their relative sizes. The effect of the not depend on the yield of ion-generated secondary electrons
large ion-collecting sheath is to pinch off the electron- but depends critically on the effects of the magnetic field on
collecting sheath and to reduce the area through which elec- electron motion
trons c:an enter from the ionosphere. As t-,e rocket body be-
comes more negative, the ion-collecting sheath grows until it
completely isolates the electron-collecting -heath from the TABLE I Body Potential and Plasma Current Versus Sphere
ionosphere Figure 6 shows the ionospheric tlectron thermal Bias
current entering the sheath as a function of toe rocket body Sphere Bias. Body Potential. Current.
potential when 46 kV is applied to ;,. spheie. For rocket kV kV mA
hods potentials more negative than -15 KV. the ion-
collecting sheath completely surrounds the positive sheath. +46 -8.3 45.2
preventng any electrons form entering the sheath. rhis is a -24 .3 [6,

low.er bound on the body potential and doesn't depend on -I )6 I 4

magnetic field effects on electrons nor on the yield of ion-
generated secondary electrons. Values are as calculated hf NASCAP.'LEO.
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neetC..rifi !h, -yi.,ricti, hteld inti 'itiminc 'hi hII, pli'rn , 4tu.i-t-neiirit I he est !1i1in' I ,rt~

de ino ,hc.d ,I thre pi-.'f Iro't iu,fnlC "IriiI .iipi*' iti l iii] nti'tr h, Al-l. d.ii
nehind 'he cnr'ir'in iow s 1,inL' 'he 0 I iiiiai ''iwijoi A 'h. , tf.r.iiwti ,I ,I , i ll,

%i..jum Yof-, .e, 'ri I I rhe ii'iii , )ni h.r .' h mt hirii'nioiiwn _., -ti '.'t un-1

he i.'~n Iir hr. ippii iihri , rttnlr~init cii , ifiic't I kl'eW11111' PfiC-''ti d 'ri. 'c !tie !i11rr.

- ir 1.
1

.' ir n i'- .'C! .j i fid.. 1 11 inr .Yrmc torrn ic ot'<ir -rii-

rflei n he 1idC 'i'l .1 i. ie h'. a~ 'he ,il~oc! , nci .i. c~ rii. ' ie ' -Iil,,ir.

risk .,r -1i -ifl ,ii'ti rtc e !,- ii c iir oii~ri i.irml rid 'h.i 'h,:,e 'ui~ *~* ' *'e l . deli

I', I Hi0, itl (- ci rfl . ikreful coidJerIjkn kit ti-unflrnonnN and jiPflo'iirmatlronN

In t hi's Paper i. e di'CUNx mCAxUrements made h\, the are required.- ai are -inliltii.imlon- allosi.ini tor oilpit,111oinalt

Pai'rn Dtieno'tae' Packaete i PDPi during SPOLiceab 2. i.khich eltiune> Vhe POLAR c has' ewked ctih ul,:h o~nsider-
ire pre-ilned K %Iiuph\ I . 'r 19S'41. aind c:Ompare ihane iiAl-i in mind N idteuiled de-,iirptiin A the 0t FL-R i.%ake

rceit- it h prediction-i tram the Air Force GCapK -ic', model"i- w. nh K Na,: ,i/ 9~I .n tustepiriehr

Ljaoartorh ' FGL) PO LAR Aalse Leade. A hich L-Ir.- a Linlk to. re ie.% the basic rhi. -it' aind prire"-e' in P( )I \R'

,oimple \ geometric model at (he ii biter and the -ielf-iimilir the leauder mah ha\te soame unsueht intii the laidit' ill the oi.de
,iution of the expanston atf.a plasma into a ' acuumn as- i-i, [he model at the %%alt ,ieirueture used K\ PO LAR dcIcepedr
model bai- Pre iaus reporti JA,: ct (di . M0 hate ain (he pasition relatie i t) the Na-c tiled ion tfront I his ion

2 intpared the prediction-i at Nt tL\R I(a ab-irtation-i f Ir- front marks the haundar - heire CI~Ctron jenit i. hemsn ita
I plasma-, in the labu~ratar\. shanL'e an a scale caommcnsuratc A ith (he l)ct\ e c'neih .ind

I, attn should be e 'Crc used in ex~tend ing conclusiians the ion deniri iake,, a sudden and drairtitiis dtr stt:Cr1l
b-oul the uccliruei at the 1't I. AR model ita conclusians, authars h-ic .ti-cuissd (he rclo,aihbetis-ceu 1he 'ski.- il

rev.irdine oir c" t the ujnsterJ. mu ph,,,iteit processes it process .ind the thearet ii pwic blet a the c pituil i

cintiains. Set eral oither in' es-iiai ns tiase: studied (he ar- plasma into a -ia%:uurn In PAt ui illir. prablems .ippli..ible ita
rlicabiiti at the Nelf-surnlar mauthemrri [Swaii i-ta41. 1981. Ionospheric :ondition-i h.% e ben ieaited h% (bi, 1 r. It J a1

Run bIftulal I r 'd .-l I . l(,I / 11 at (.. 19b9Y: V- I 11 I I9lj. (1;iii CI ii 0 il I'i 'ki 14- Inad hii 2-i ii

ai 1- I Ko :iiati er t al . I9 to %%,aken - It in, iur purpose LS(i hiuiak I 19S' I. ita narne i tewk
anl\ ta determine if PO LARK rat den a reasonable model far [he solu1tionto the 'v~al,iso--Pkitsu ccqai n %,Icnte isi in
he -isAJ: ake obj 'ageihects in the aonaosphere. as it ha-i far _teneril quite duthil1 t, ' aiin, hu bitr the e \rLIi'ln ,I

1 1. plasma-i in the labsr.aar plisma inta the taid it _In he -I-1 ed \piieitl\ it iii - it I

Wec de-cihe briet-i the POLAR madel and reiew the al.. 11)f-41. %head at the ian iont the pinia us ticaited -is

ph%-ten it :uintain,, o smpart: the data \Aitt, the model. aind rarehed. Its moatian I,, i.,ntrillco hi. the t heirnal prc.id in ton

'hen discussi the rance af aliditt of the code. %ielaeiiies Behind the troint the moioin uis ciiioiIJd h%. the
electran letlpelittire indt ion n..--i I wure I Ohlisattiti.'- ihce-

[HF- Po l. R ( iiii recimes ndmi dleFine' the ,)-idinaice s-Item isest

[ad~co a cade that can adequately desnenbc the plasma The gotverning equaimns in the revian behind the tiani -

dAk ehn larg ebet alclr n fope cm onsiderine that eletrans ire mare mobile than Ians .ind that
~ikchehnd lage bjet. aniul~rlhaneofcmpl~ gom- the% maintain equilibirium Luith i lotcil pitentuil. ire

i.ops right ('19h itt(e limerican (6eopv-mcaF L nianTh otmnrlin

F' prer numher 'M -\0WMtl
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ilkitl partijes is, omnpared -aiih dcn-it :.IlCulaied asUn- To - m It shouldl ilso be nied Thit oi ci the ,ie I the
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ce. ruin temperature and ion mrass ocar rn the equation of01 ~ t: alr1 ' nn ic h D ooic i;n
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-Tear plasma p iteinal Ibis implies that irn acceleration the isAke structure at a distance 01 -4 in i \A I i lia s,,er
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Fig. 3 Ion and electron data during the hdck-awa% Lir ploited in Figure l.normiizied to .i i f10'cm N,'ie
the relatively good agereemient helt en model and dia hetiwcen 10anifd m; In Psond t -- 1 n0mn ';mi ha~kcrouid
densit varies considerabIl - as, is illustrited in Figure Ili, hish tn~LudeN data tar One Orbit l,,ir h.,n Figure lot1
approximatek% the same Ntation-keeptig position. superimposed oin apredicted densit ftot this ,irhit Irom the IRI
ionosphere model.

jAiiirph% et I/- 1989,1 so the model cannot he tested to an neglect magnetic fields. Since the electron and ion densities
accuracii greater than that. obsersed e~en at the hecinninv oft the release Lind back -a" a%

period agree within 10'; it would seem that quasa-neutralit'.

DISCUSSION would he % alid. It hits been show n h% Chan t al o. 119i841 that

In examining the back-awaiv density profile, we find three alrale iopltm prodI-1. m inhscseth
plasma espansion become,, sel-similair For the case of the

relvan obervtios fom igue ~shuttle orbiter. this likes place w ithin the first -I m of the
1.Close ic the orbiter I< 10 m) the model underestintates wake The mnienetic field, if' it Is to he considered for thts

the observed denisity b% I to 2 order,, of magnitude.
2. In the range 30-75 m the model predicts quite ;iccuJ- AHLF I Coriprrixon k.1 ()tibxei 'twn, Vi-on i.'w'i ' a!

rateli, the gradual increase in dcnsit%. until the lime I -- 114 "'i'IV ith INi i \N ticdi~n'n
nin IFigure 1) Altern, 20 min the iibsersed densils seem,,__- ______-_____

to ha'. e a sariation. which is not beliescd it, be 11"1 \k-rlae I'i iN'c i ,

I hese densill chinges result f romn ioiiiophcric : \.itiibiit Lis j I ,k: dc1,11 1h i1n 1 e~i
the spacecraft approaches the daw n-dusk [,et idjiin p~ine .ind -_______

aire predicted b% empirical tmodel, such is I RI I>u i' i5

(onsidering the first obser'.,t ion. rc.ill t hit the .sitl- - 4 iE I iIi
ii SIl 'i i ilions incorporated w ithin the Pol - \ "Ac witiodcl reqire .1 NNN jqj ..

qaii~s-neuttial plasmai. issuie 1 l-inuilai ,iountii. and -N
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Fig. 4 Detail of data from WT i, compared io PO)I.AR predicl ions l)ata re normalized io a constant Since there
may he variation in acktround of i ;. differences of that order hef.%een daha and model are not ignili.canl

.ase. would ai\,ls act to limit plam i fnow. rather than" noted. however. that this does not mpli, knowing ,i1 there is
.nhince it. -hcrefore it too can he eliminated from ,er, inv to knom. about the I.%ike structure [he o,.cr.il plasma

as an explanation for the poor fit at less than 310 m. density is onl, the zeroth order parameter. Ion and electron
The answer to the disparity between model and observa- composition J(lh , *r h /v 't Ill.. 19871: vet.lor measuirements

tion would seem to lie in the role played by contaminant of ion velocities tim, i oI.. 1983. 19881 electron temper-

ions. Vhrphv ef il. [ 19891 discuss these ions and offers their ature [Murplh " et I.. 1986: Raiot ea al.. 19841: plasma
presence as an explanation for the disparity between these turbulence lRaitr a iI.. 19841 all plav role, in understanding
data and that taken at similar distances while on the remote the total physics of the wake structure for such a complex.

manipulator s•stem IRMS). gas-emitting. large object.
Let us turn now to the 30- to 75-m distance region. The As diseussed earlier, the structural differences between

most dominant characteristic of both the data and model is predictions and obser,atons after r 120 min in Figure 3
the relativel\ smooth increase in densii a, the PDP moves are attributed to natural ionospheric %ariation inot model- 1
axially along the orbiter wake. by POL.ARI. Figure 3h illustrates the density profile one

rhis midwake region has been studied extensively in the orbit after the back-away maneuver and shovs this similar
laboratory and the A ake-till process depends strongly on the structure.
hod, size. body potential, and ratio of ambient ion to Let us compare the model predictions to observations for

electron temperature. Stone [19811. Four m -r atd Piteoc he WT I through WT 4. The agreement is quite remarkable and
I[I ". leHw'r and Sont 119'01. and many others have alfirms that the 'well-beha, ed" wake structures associated

performed laboratory experiments and observed fine strue- with T, T, I plasmas, can be adequatel% modeled by the
ture in wakes. including ion density peaks along the wake physics contained in the POL.\R model. [here is only, ne

axis and wavelike condensation disturbances. It is impor- significant difference between model and data. % 2. .,hich
tant. however. to note that for the case of large bodies in low occurs at 125 m, seems to be considerably deeper oan WT
earth orbit tLEOt ill the body potential is not too different 4. which occurs at a little more than I) m. %1iirph ,' al.
from the plasma potential ta few T at most. since the body [19891 discuss this extensively. and we do not helieve that.

surface is an insulator and does not expose v x B potential to considering approximations made by the model and errors
the plasma. 2) the plasma is a cold Maxwellian (.lev) and made in normaliLation, we could expect any better agree-
,:ollisionless. and 43 the ambient ion and electron tempera- ment. If the magnetic field. contaminant ions. and orbiter
lures are close to being equal. sheath do play some role. it is clear from both the model and

Nn excellent review of laboratory work before 1975 is the data that ii must he a secondary one.
given by Foirniter and P,,ache [19751. Another excellent Studying the detail of WT 3 observations and POL.AR's
review of the subject of expansion of plasma into the wake is predicted profile. we also find good agreement. This is
given by Sa nir eri l. [19831. In these cases the authors agree significant because at 45 m downstream the details of the
w.ith the basic finding of Gurei t It and Piraevs.ii [[19691 that orbiter geometry and its effect on the wake can not vet he
the fine structure and ion peaks observed in certain labora- "washed out" ithe long dimension of the orbiter is .36 ml.
tor, investigations vanish as T approaches T,.. We see in this The agreement between model and data seems to imply that
case that in spite of (or perhaps because ofl the effect of the geometric assumptions are valid and that it is permissible
contaminant ions. we have a large-scale wake which is to use the geometric correction factor calculated from the
basically devoid of any fine structure, at least in the sense of neutral flow model, at least to first order.
total electron or ion density It should be emphatically Note that the center of' the predicted wake seems to be
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offset slightl, fromt that observed and that the predicted Rust. RI. '1.

densits gradient seems slightl% greater than observed. .1lutr- Chan. C. . N. Hershkw~itz N Ferreira. -1 lntraittIr. B 'selston. nd
pin et al. (19891 discuss the accuracy with vlhich the K. Lonnigren. Esperimenid tI ibsrsation, at self-imilar plasma
trajectory reconstruction takes place. This offset error is expansion. P/ins. Flwtd.. 2'. hei. 198.4

consistent with that level of precision. It is also possible that Cross. J. E. P. J Aser. and J E Allen. The expansion )f a plaSma
into a vacuum. J. Pla ina Pmo s/ 4. hV. 19'5

errors in normalization (constant background assumed) Diebold. D . N. Hershkoitiz. T. lntraior. and A Baile-. Self-
could produce this effect. similar potential in the near \, Lke. Pit, Flii. 30t 19. *191C

The difference in density gradients ma be due to a slightly Fournier. G.. and D). Pigache. WAakes in collisionles' plasma Poti
different plasma temperature than that modeled or mav be F/iiidAi. /8. 1443. t9- ,
consistent with the role played b% contaminaint ions in the Geosv .M.HA a.o.J 5PaoIl nReese. Thermal ion periurhationN iil'ersed in the %icinits )I the
neutralization of the space charge electric: field. Space shuttle. PIaio. .Spw c .!Ii. 5 . 1 I

Electric field data is difficult to discern from the PDP Guresich. A. V . and L P Pitaexskii. Non-Linear D~nani-' IIIa

measurements because of interference from another instru- Rarefied Ionized Gas. Piroc S,' s I , . -2. 19-4

ment. but J. Steinberg (private communication. March 1988) CGuresich. A V.. L V Pariiskayi. Ind L P Pii~ieski. Selliiilar
monion of a rarefied plasm. .a~. Pt. I JL7P i Enc TrainsI 1 72.has examined data from the time period of WT 3 and finds an 44. 9

eleciric field which changes sign at the \xsake center. This Guresich. A V .L. P. Pitacsskii and \Vsmirnosa. 1,on,'spherr.
held is \within a factor of 2 of that expected from a self-similar aerod% namics. Sine Si Rci .. 9. xol. t9hY

expansion. No attempt has been made to compare the Hester. S D.. and A A Sonin. A lahoirm stud% t5 t ssakes o4
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Abstract

When subject to naturally occurring fluxes of electrons with tens of kilovolts of
energy, spacecraft surfaces accumulate negative charge. This charging leads
to potentials as high as 20,000 volts on the spacecraft. The potential achieved
depends on the electron spectrum; the density and energy spectrum of the
ambient ions; the solar flux; and the materials, shape, and size of the spacecraft.
While the first observations of charging were made on satellites in
geosynchronous orbit, charging has been observed more recently on satellites
at lower altitudes in polar orbit. The physical mechanisms which cause the
charging are similar in both cases. Spacecraft surface potentials rise negatively
until the electron accumulation rate is diminished and the ion collection rate
enhanced so that the net current to the surfaces is zero. In low polar orbit, the
enhanced ion collection dominates; in geosynchronous orbit, both processes
are important.
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Introduction

Spacecraft in geosynchronous orbit have been observed to charge to
thousands of volts. A joint program between the Air Force and NASA
investigated the phenomena. The program included both theory and
experiment. The largest component was P78-2, the SCATHA (Spacecraft
Charging At High Altitudes) satellite which was instrumented fully to investigate
magnetospheric charging. SCATHA provided unrefuteable evidence that
surface charging on spacecraft can cause discharges and operational
anomalies. As reported by Koons et. al.1, on September 22, 1982 potential
differences of more than 9500 volts were measured on the satellite. At the
same time, 29 pulses were detected by the Transient Pulse Monitor. Seventeen
of the pulses exceeded the maximum instrument level of 7.4 volts. Coincident
with the discharges were three anomalies, the most severe resulted in a two
minute loss of data.

The theory component of the joint Air Force - NASA program culminated with
NASCAP, the NASA Charging Analyzer Program 2 ,3 . NASCAP successfully
modeled both frame and differential charging events observed on SCATHA4,5.
The following briefly summarizes the mechanisms controlling spacecraft
charging as they have been included in NASCAP. The understanding obtained
by developing NASCAP lead to the prediction in 1980 that large satellites in
polar orbit would charge from several hundred to a few thousand volts6,7. A
computer model, POLAR (Potentials Of Large spacecraft in Auroral Region) 8 ,
was developed to investigate the physics of auroral charging more fully. The
differences between auroral and geosynchronous charging are discussed
below. During 1983, instruments on board the Defense Meterological Support
Program satellite 7 (DMSP 7) observed charging up to 800 volts9 . Calculations
using POLAR are compared with observed DMSP charging. The observed
charging is in agreement with the mechanisms theorized in 1980.

Theory

The most basic instrument used in laboratory plasma experiments is the
Langmuir probe. Typically it is a small metal sphere whose potential is swept
through a limited range of voltages and the current to the sphere is measured.
The current is due to charged particles from the plasma impinging upon the
sphere. When the sphere potential is large compared with the kinetic energy of
the plasma, only electrons are collected. When the sphere potential is very
negative, only ions are collected. Between these two extremes, there is a
potential at which the ion current exactly balances the electron current, so that
the current to the sphere is exactly zero. This potential, at which the net current
is zero, is called the floating potential. Because at a given temperature
electrons move so rapidly compared with ions, the floating potential is normally
negativa a few ee, the plasma electron temperature. If the wire to the probe is
cut, the probe rapidly achieves the floating potential.

-2-
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The physics of spacecraft charging can be understood by regarding the
spacecraft as a probe in its local, ionospheric plasma. Since there is no way
for a continuous current to flow, the plasma particles rapidly charge the
spacecraft to a few 8e. The difference between the laboratory Langmuir probe
and a spacecraft immersed in a magnetospheric substorm is that the electron
energies are a few volts in the laboratory and can be tens of thousands of volts
in space. Laboratory floating potentials are typically negative a few volts; in
epace potentials as high as -19,000 volts have been observed 10 .

electrons

ions

" photons

secondary, backscattered,
photo electrons

Figure 1. Highly negative potentials can result from the accumulation of
charge on spacecraft surfaces.

Spacecraft are designed for purposes other than acting as plasma probes.
Consequently, the interpretation and prediction of the spacecraft potential are
complicated due to the complicated geometry, multiple surface materials, and
the absence of an easily accessible reference ground. Each insulating
spacecraft surface interacts separately with the plasma and is capacitively and
resistively coupled to the frame and other surfaces. Rather than a single
floating potential, there can be a different one associated with each surface.
Computing surface potentials for a spacecraft is a considerably more complex
problem than computing the potential on a conducting, spherical probe.

Not only is additional complexity introduced due to geometry and insulating
surfaces, but currents other than incident electrons and ions must be included.
Kilovolt electrons generate secondary electrons and can be backscattered from
surfaces'10,11. Kilovolt ions can also generate secondary electrons. The
current density of low energy electrons generated by solar UV emission is much
greater than the natural charging currents. Because of this, most spacecraft
charging has been observed during eclipse, when the spacecraft is in the
shadow of the earth.

For magnetospheric charging, the spacecraft is small compared with the plasma
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Debye length. The electrons associated with charging typically penetrate less
than a micron into the spacecraft skin. Because of this, surface coatings play a
large role in determining spacecraft potentials. While the time to achieve
overall current balance in very short, the order of a millisecond, the time for
each surface to achieve its own equilibrium potential is thousands of times
longer. The differences between the equilibrium potentials of different surfaces
is referred to as differential charging.

n = 106 m-3

01 = 0 1- 30KeV

XD = 1000 m

fp 10 5 sec-1

e = 0 0-5 amps m- 2

Jphoto = 5 x 10 -5 amps m- 2

electron stopping distance = 1 - 10 x 10 - 7 m-3
1uniform charging = 0 sec

1differential charging 1 - 100 sec

Table 1. Parameters typical of spacecraft charging in the magnetosphere.

In the plasmasphere, spacecraft usually float within a few volts of plasma
potential. Upon encountering a magnetospheric substorm, the incident electron
current exceeds the ion current and the vehicle charges negatively. As the
potential becomes negative, the electron current diminishes because not all the
electrons have the energy to overcome the potential. If the plasma were in
thermal equilibrium and had a Maxwellian distribution of energies, the electron
current would decrease exponentially with the negative potential. The spectrum
of the electrons hitting the spacecraft would remain unchanged since the tail of
a Maxwellian is still a Maxwellian.

Additional ions are attracted to the spacecraft as the potential becomes more
negative. For the very low density plasma in the magnetosphere, angular
momentum limits the collection of ions. The maximum impact parameter from
which ions are collected is that for which the ion's collected velocity must be
tangent to the spacecraft in order to conserve energy (Figure 2).

The balancing of ion and electron currents predicts a floating potential on the
order of a few times the plasma temperature. Since the electron current
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diminishes exponentially and the ion current increases linearly, the principle
effect of the potential is to decrease the electron current.

FOR A MAXWELLIAN PLASMA
n) = density Vth

O = temperature b
REPELLED SPECIES IS ENERGY LIMITED

e9 for electrons V
e f

ATTRACTED SPECIES IS ANGULAR
MOMENTUM LIMITED

" __ (1- _) for Ions b vth =a vfiob 2 V vt,2

POTENTIAL FOR CURRENT BALANCE 0=~-- =i(I a = I
=_0 ,I -- 0 In(,m I

Figure 2. Orbit limited collection is based on conservation of angular
momentum.

The interactions of the incident electrons and ions with the spacecraft surfaces
have a profound effect on floating potentials. The most important process is
secondary electron emission1 1. Because secondary electron yields are so high
for many surface materials, the spacecraft floating potential is often positive! For
electrons with energies between 50 eV and a few kilovolts, more than one
secondary electron is emitted for every incident electron. This results in a
positive charging current. Only when the electron energies exceed several
thousand volts will the spacecraft charge negatively. Backscatter yields are less
than unity and vary little with energy. Ion generated secondary electrons
enhance the ion current and act to reduce overall charging levels.

A kapton sphere immersed in a 5 keV, 106 m-3 plasma charges to -3640 volts.
The electron current which drives the charging is less than 2 X 10-6 A/m2 , more
than half of which is immediately cancelled by secondaries and backscatter.
Ion generated secondary electrons effectively triple the incident ion current.
Equilibrium occurs at a potential less than the plasma temperature. Because of
the -,econdaries and backscatter, current balance is effected equally by
dimi ,ishing the electron and increasing the ions currents. Because the incident
electron spectrum remains Maxwellian, electron generated secondaries and
backscattered electrons remain a constant fraction of the incident current as
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the spacecraft charges. The ion generated secondaries increase compared
with the incident ion current because the energy of the ions increases as the
spacecraft potential becomes more negative. Ion generated secondary
electron yields peak for ion energies of several tens of kilovolts.

3.0

"- e secondary
2.0 -. e backscatter

ion secondary

1.0

0.0
0 1000 2000 3000 4000 5000

energy (eV)

Figure 3. Electron generated secondary electron, backscatter and proton
generated secondary electron yields for kapton.

Photoelectron current densities are about 10-4 A/nm2 , typically an order of
magnitude greater than incident electron currents, even before secondaries are
taken into account. As a result, in sunlight high negative potentials are rarely
observed on spacecraft. Charging in sunlight occurs when the low energy
photoelectrons can't escape from the spacecraft because of potential
barriers12 ,13. In an intense substorm, spacecraft surfaces shadowed from the
sun slowly charge to thousands of volts negative, while the sunlit surfaces
remain a few volts positive. After some time, a saddle point in the potential
develops in front of the sunlit surfaces. Because the saddle point is driven by
the photoelectron kinetic energy, it's height can never exceed a few volts. All
the surfaces then charge negative at a rate corresponding with differential
charging, typically a few hundred volts per minute. Sunlight charging is a multi
dimensional effect calculable only by models, such as NASCAP and POLAR,
which solve Poisson's equation in three dimensions 14 .

Auroral Charging

The model for enhanced collection described above is generally referred to as
orbit limited current collection. It is appropriate when the potential has a range
larger than the largest impact parameter and is sufficiently well behaved so that
no angular momentum barriers exist. Potentials that vary r.re s!owly than with

-6-

34



the inverse of the radius squared satisfy these conditions. At geosynchronous
orbit, the plasma is so thin that little shielding occurs and the spacecraft
potential drops roughly as the inverse of the radius.

Orbit limited collection is not valid at lower altitudes, where the plasma is much
denser. If the spacecraft were to charge negative, the additional ions collected
would shield and thus limit the range of the potential. When the collection
radius is limited by shielding due to the charge of the collected species, space
charge limited collection is the appropriate theory. To model spacecraft
charging in ionospheric plasma with densities greater than about 109 m- 3 ,
space charge limited collection models must be used.

I 00e-6

'4 0 00e-0-

E

Ui

I-
ICL

zAW

S -1.000-

-2 00e-6 -5 -4 -3 2-!1 0

POTENTIAL(kV)

Figure 4. Current vs voltage for a kapton sphere in a 5 keV, 106 m- 3

Maxwellian plasma. The floating potential is -3640 volts.

The energetic electrons which charge spacecraft in low polar orbit are the same
that generate the aurora borealis. While of similar origin to substorm electrons
in the magnetosphere, the auroral electron fluxes can be as much as a hundred
times as intense. Some of the enhanced intensity comes from the convergence
of the magnetic field lines as they approach the poles. Measured fluxes can be
fit well using the analytical form suggested by Fontheim et. al. 15 .

Charging of large objects in polar orbit is determined by the balance of the net
auroral flux and the space charge limited ion flux. That much higher spacecraft
potentials are obtained due to space charge limiting was first predicted in
19806. A comparison between the potentials obtained ignoring space charge
with that including it shows more than an order of magnitude difference. The
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space charge limited result agrees with observation.

Spacecraft Charging Computer Codes

The .NAA Charging Analyzer Program (NASCAP), was the first three
dimensional spacecraft-environment interaction code. NASCAP solves
Poisson's equation for spacecraft potentials due to the accumulation of charge
from the magnetospheric plasma. Asymmetries are introduced by potential
differences between various spacecraft surfaces due to differences in material
response and solar illumination. The surface potential variations create saddle
point barriers which control low energy secondary currents. NASCAP
represents the spacecraft using a restricted constructive geometry technique
with building blocks of cubes and segments of cubes. Because the potentials
vary on a short distance scale near the spacecraft and more slowly far away,
NASCAP zones the space exterior to the satellite using a sequence of nested
finite element grids. The NASCAP code was first used to model the SCATHA
satellite. Since then, NASCAP has been used throughout the world for
spacecraft charging analysis of geosynchronous satellites.

The Air Force Geophysics Laboratory developed POLAR code models the
charging of large, polar orbiting spacecraft. POLAR also calculates the plasma
wake as part of the charging analysis. POLAR zones space using a staggered
grid so that most of the computational space is aligned along the flow direction.
The steady state sheath structure is determined by iterating between Poisson's
equation for potentials and particle tracking for space charge density. The
POLAR wake model has been compared with in situ measurements of the wake
created by the Space Shuttle Orbiter1 6 .

Calculations of auroral electron induced charging of one of the Defense
Meterological Support Program (DMSP) satellites have recently been
compared with measurement. With the assistance of M. S. Gussenhoven, one
of the observed charging electron spectra from December 1983 was fit to the
Fontheim form for use in POLAR. The POLAR calculation resulted in a
spacecraft potential of -230 volts, in close agreement with the observed
potential of -215 volts. The differences are smaller than the possible sources of
error in such a calculation. The incident electron spectrum is measured using
just a few bins, the spacecraft surface properties change with time in orbit, the
details of the ionic composition are not known that accurately. In general,
differences larger than the 10% shown in this particular case are to be expected
between calculations and observations.

Conclusion

Spacecraft charging is important because it has been shown to cause
operational upsets on satellites. While of limited importance for small satellites
in low polar orbit, recent data confirms predictions that charging will become
more important as the size of polar orbiting spacecraft increase.
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ABSTRACT

The three-dimensional computer codes NASCAP/LEO and POLAR have been used

to calculate current collection by the mother payload of the Charge-2 rocket under condi-
tions of positive and negative potential up to several hundred volts. For negative bias

(ion collection) the calculations fall about twenty-five percent above the data, indicating

that the ions were less dense, colder, or heavier than the input parameters. For positive

bias (electron collection) NASCAP/LEO and POLAR calculations show similar agree-

ment with the measurements at the highest altitudes. This indicates that the current is

classically magnetically limited, even during electron beam emission. However, the cal-
culated values fall well below the data at lower altitudes. We suggest that beam-plasma-
neutral interactions are responsible for the high values oi collected current at altitudes

below 240 kilometers.
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1. Introduction
For many years electron beams have been operated from spacecraft and rockets to

study long distance transport of electrons along the earth's magnetic field (Winckler,
1980). These studies were often compromised by charging of the spacecraft and/or
severe perturbation of its environment as a result of beam operations. The study of these
interactions has proved to be a complex and interesting field in itself.

To analyze a beam charging event, one first asks whether the observations can be
explained by simple, first-order, passive current collection. This turns out to be a
difficult question, F~nce for the relevant conditions (intermediate thickness sheath with
magnetic field) analytic theories exist only for spherical spacecraft. In this paper we
describe the application of the three-dimensional computer codes NASCAP/LEO and
POLAR to calculate charge collection by the highly cylindrical mother vehicle of the
Charge-2 rocket. Calcu,..dons and measurements for negative bias (ion collection) have
been reported elsewhere (Neubert et al., 1989), and will only be briefly summarized here.
The measurements for positive bias have also been reported previously (Myers et al.,
1989). In that paper the difficulty of assessing the results using theories which apply
only to spheres and infinite cylinders is made apparent. The contribution of this paper is
the interpretation of the positive bias results through the use of codes which correctly
account for the true three-dimensional geometry of this problem.

1.1. The Charge-2 Rocket

The Charge-2 payload was launched on a Black Brant VB from White Sands Mis-
sile Range in New Mexico in December 1985. The payload consisted of mother and
daughter sections which were electrically connected by an insulated tether. The mother
payload was a cylinder of diameter 0.44 m and length 3.26 m; the 0.41 m nose section

2was coned down to a diameter of 0.33 m; the total exposed area was 4.68 m . The
daughter payload was a cylinder of diameter 0.44 m and length 1.62 m.

Negative mother potentials wcre achieved by applying a potential between the
mother chassis and the tether end. The daughter potential required to collect enough
electrons to balance the ion current to the mother is negligible, so that the mother poten-
tial is equal to the applied potential. To maintain a steady state, the ion current collected
by the mother vehicle must be equal to the tether current, which is easily measured.

Positive mother potentials were achieved by means of electron beam operations.
The electron current collected by the mother is then equal to the beam current less the
tether current.

The mother payload also contained an array of four "PLP" probes located on a
boom at locations 25, 50, 75, and 100 cm from the rocket surface. The intent was to use
these to measure the sheath profile. The 108 L2 probe impedance was far too low to do
this in the negative bias case, but should have worked well for positive bias where the
current levels are higher. The rocket potential under positive bias conditions was
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inferred from the PLP probes.

1.2. The NASCAP/LEO Computer Code

NASCAP/LEO (Mandell et al., 1982) is a computer code developed by the S-
CUBED Division of Maxwell Laboratories under contract to NASA/Lewis Research
Center to model the electrostatic interactions of a high voltage spacecraft with a plasma
under conditions commonly encountered in low earth orbit. Because NASCAPILEO is
fully three-dimensional, it is able not only to treat the actual spacecraft shape, but also to

account for asymmetries introduced by spacecraft motion and magnetic field effects.

NASCAP/LEO accepts as a geometrical specification a finite element surface model
produced by any of several standard CAD programs. This model is then embedded in a
cubic grid. Within this "primary grid", locally enhanced resolution near small but impor-
tant spacecraft features may be achieved through the use of cell subdivision. To include
a large volume of space about the spacecraft, the primary grid may be nested within suc-
cessive "outer grids". Each outer grid has the same number of grid points as the next
inner grid, but twice the physical spacing between the grid points, so that it includes eight

times the volume.

NASCAP/LEO calculates c!ectrostatic potentials in the plasma surrounding a space-
craft by using finite element and conjugate gradient methods to solve the variational form
of Poisson's equation. The space charge appearing in Poisson's equation is represented
as an analytic function of the plasma density and temperature and the local potential and

electric field. This function reduces to linear screening at low potentials, and takes
account of particle acceleration and convergence effects at high potentials.
(NASCAP/LEO does not account for modification of space charge and potential structure
due to magnetic fields.) Boundary conditions at object surfaces may be either specified
potential or specified electric field.

Currents to spacecraft are calculated using the "sharp sheath edge" approximation.
A specified electrostatic potential contour is designated as the sheath surface. Macropar-
ticles are generated to represent the plasma thermal current (modified by spacecraft
motion effects) passing through elements of area of the sheath surface. Each macroparti-

cle is then tracked (in the calculated electric fields and specified magnetic field) until it
impinges on the spacecraft or some other termination condition (e.g., escaping te grid)
occurs. Thus the total current to the spacecraft and the current distribution over the
spacecraft surface is determined.

NASCAP/LEO also contains surface charging algorithms, solar array models, and

hydrodynamic ion models which are not relevant to the subject of this paper.
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1.3. The POLAR Computer Code

POLAR (Cooke et al., 1985) is a computer code developed by the S-CUBED Divi-
sion of Maxwell Laboratories under contract to Air Force Geophysics Laboratory to
model charging of a large spacecraft in the polar auroral environment. Thus POLAR has
an environment model capable of representing the energetic and anisotropic particle
fluxes observed in polar regions. However, the POLAR calculation strategy for this work
did not take advantage of the sophisticated environment model. Rather, POLAR was
used to calculate the current collected by the spacecraft in a fully self-consistent space
charge field, to augment the NASCAP/LEO results which ignore magnetic field effects
on space charge.

POLAR requires that spacecraft be modeled in a restricted geometry set similar to
that used in the NASCAP/GEO code. This allows fully three-dimensional modeling for
spacecraft models of modest complexity.

The POLAR grid structure was designed to encompass the wake region behind a
spacecraft. Thus, the cubic grid is made up of a sequence of "bread slices" aligned
approximately normal to the spacecraft velocity. Because the spacecraft velocity may
not coincide with a coordinate direction, the "bread slices" may be staggered in order to
be centered about the spacecraft wake. With this structure, POLAR has neither subdi-
vided grids nor outer grids, but maintains constant resolution throughout the computa-
tional space. Since there is no loss of resolution at the sheath surface, the calculated
current to a spacecraft has less dependence on the choice of sheath boundary potential
than is the case with NASCAP/LEO.

The most important POLAR capability for the present purpose is its ability to use
particle tracking results to modify the space charge calculated by analytic approxima-
tions. Thus, starting from a potential solution based on analytic space charge as in
NASCAP/LEO, POLAR can take account of the modification of particle trajectories by
magnetic fields to calculate self-consistent space charge and potential distributions.

2. Calculations for Negative Bias

Comparison of NASCAP/LEO results to the measured current collected by the
Charge-2 mother payload under negative bias conditions has been published elsewhere
(Neubert et al., 1989). In addition to calculating the total current to the rocket,
NASCAP/LEO did a fairly good job on the more difficult problem of calculating the bias
on the PLP probes operating in their "floating" mode. Figure 1 shows the NASCAP/LEO
model of Charge-2 in the grid, with enhanced resolution in the neighborhood of the PLP

booms.

Here we will take a somewhat different point of view. By forcing NASCAP/LEO to
calculate the correct current for an equivalent spherical model (Langmuir and Blodgett,
1924), we can have confidence that the difference in calculated current between the
sphere and Charge-2 is due to the effects of non-spherical geometry and spacecraft
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motion and not from poor resolution at the sheath boundary. The calculated results will
be compared with the measurements as well. All calculations in this section are done
with the plasma parameters and computational parameters shown in Table 1.

Table 1: Plasma and Computational Parameters

Plasma Density 8x 10'0 m 3

Plasma Temperature 0.05 eV
Debye Length 0.588 cm.
Electron Thermal Current 4.8x10 -4 A-m-2

Ion [01 Thermal Current 2.8x10 6 A-m2

Magnetic Field 0
Spacecraft Velocity 0; 580 m-sec-'

Primary Grid Resolution 10.8 cm.
Sheath Boundary Potential (varies)
Charge-2 Model Area 4.63 m2

Sphere Model Area 4.45 m2

The major source of uncertainty in NASCAP/LEO current calculations lies in the
choice of sheath boundary potential. In the common case that the plasma temperature is
very low and many Debye lengths are contained in a computational zone, the optimal
sheath boundary potential will be well above the plasma temperature. The reason for this
follows from the theory of space charge limited current flow. For a plasma of density n
fm3 1 and temperature 0 eVi the potential a distance Ax in from the physical sheath will
be

-6 4 2 113O(Ax) = 5.1x10 [(10 Ax) 0 n tI

For the parameters in Table 1, this value is 1.8 volts in the primary grid, 4.5 volts in the
first outer grid, and 11.4 volts in the second outer grid. However, NASCAP/LEO allows
at most an order-of magnitude potential drop per zone due to space charge effects. Thus,
a minimum appropriate choice for the sheath boundary potential is one order-of-
magnitude below O(Ax), which is certainly well above the plasma temperature of .05
volts. Experience has shown that a poor choice of sheath boundary potential can lead to
errors of as large as thirty percent in the calculation of collected current.

In this work we have taken care to minimize the uncertainty in the choice of sheath
boundary potential. We have determined the sheath boundary potential required to
obtain the correct (Langmuir and Blodgett, 1924) current to a stationary sphere of area
similar to the Charge-2 model with the same plasma and computational conditions, and
used that sheath boundary potential to calculate the current to the Charge-2 model. The
sheath boundary potential values used ranged from 1.0 volts for the -10 volt cases to 3.4
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volts for the -400 volt cases. By this procedure, we believe the computational error asso-
ciated with choice of sheath boundary potential has been reduced to a few percent at

most.

Table 2 shows the exact current to a sphere of area 4.45 m2 and the calculated
currents to the Charge-2 model, using the same sheath boundary potential and taking

account of the spacecraft velocity of 580 m-see1 . The effect of spacecraft motion is to
increase the current by - 40 percent at low potential, dropping to - 15 percent at high

potential. We have also enhanced the collected current at -400 volts by fifty percent of
the calculated incident ion current to account for secondary electron generation by O
impact. This process has a threshold at about 200 eV, and a yield of about one-half at
400 eV (Dietz and Sheffield, 1975).

Table 2. Calculated Currents [ iA]

to NASCAP/LEO Sphere and Charge-2 Models

Potential Sphere Model Charge-2 Model
v = 0 v =580 m-see-

-10 28.9 52
-20 38.8 68

-50 62.2 98

-100 94 140
-200 148 203

-400 239 457a

a. Includes fifty percent enhancement due to secondary electron emission.

On figure 2 the calculaions fall above the data by about twenty-five percent. Part
of the discrepancy is due to the presence of a substantial NO + component in the ion

population (Wahl, 1988; Rawer and Bradley, 1987), which lowers the ion thermal
current; a 25 percent NO + component would reduce the collected current by about ten
percent. The remaining discrepancy must be attributed to errors in the ion density value

used in the calculation or to other physical uncertainties. Note that Neubert et al. (1989)
used an ion density of 4x 1010 m -3 and a temperature of 0.1 eV for all calculations.

3. Calculations for Positive Bias

In the case of positive bias (electron collection) the earth's magnetic field plays a
dominant role in limiting the current collected by a spacecraft. Parker and Murphy
(1967) showed, using conservation of energy and angular momentum, that a bound on

the current collected by a sphere (actually, by a surface of revolution about an axis paral-
lel to the magnetic field) is given by

I < 2ta 2 [ I + (8eo/mwa2) ]
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where a is the sphere radius and (o is the electron gyrofrequency, eB/m. As the Charge-2

cylinder axis was normal to the magnetic field, angular momentum is not conserved so

that the Parker-Murphy bound does not strictly apply. The bound will also not apply in

the presence of ionization, turbulence, or other collisional effects. Nonetheless, it is a
useful guide to whether the earth's magnetic field is the dominant current limiting

mechanism.

Table 3a gives the environmental parameters and spacecraft potential for the previ-

ously published (Myers et al., 1989) current measurements, and Table 3b gives the meas-

ured and calculated currents. In all cases, the magnetic field was taken to be 0.4 gauss,

the plasma temperature 0.052 eV, and the NASCAP/LEO sheath boundary potential 3.8
volts (chosen to give the correct sheath-limited current to the equivalent sphere in the

260 km environment). The current collected by the spacecraft is magnetically limited, as

most of the electrons entering the sheath cannot cross enough field lines to be collected.

For the four data points above 240 kilometers, the measured and calculated currents

are in excellent agreement. Note that both exceed the Parker-Murphy bound, indicating

the difficulty of applying a symmetry-requiring theory to a non-symmetric object. (We
would expect a similar, though smaller, effect in calculating magnetically limited current

to the daughter rocket, so that the daughter current under positive bias, shown in Myers et

al. (1989) as lying on the Parker-Murphy bound for the equivalent sphere, is actually

slightly below the correct magnetically limited current.) These data confirm the role of

the magnetic field in limiting the collected current, as the measurements fall far below

the sheath-limited current (i.e., current limited only by space charge effects). The calcu-

lation of magnetically limited current is fairly insensitive to the choice of sheath boun-

dary potential; it increases slightly with the sheath boundary potential.
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Table 3a. Environments for Electron Current Data

Altitude Potential Neutral Density* Plasma Density
[kimj [volts] [10 i 5 m"3] [110 m"3 1

165 390 36 0.46

168 150 32 0.48

232 475 6 5.6
251a 560 3.9 8.0

251b 440 3.9 8.5

256 440 3.5 9.0
260 440 3.3 9.3

Table 3b. Calculated and Measured Collected Current [mA]

Altitude Parker- Measured NASCAP/LEO NASCAP/LEO POLAR
[km] Murphyb Collected Current Sheath Current Self-Consistent
165 0.4 35.8 0.6 8.3
168 0.3 6 0.5 3.5
232 5.5 20.4 7.9 42

251a 8.5 12.2 13.0 60
251b 8.1 14 12.9 52 -

256 8.6 15.6 13.5 54 -

260 8.9 18 14.1 55 22

a. MSIS-86.

b. Calculated for sphere of radius 0.6 meters.

A POLAR code calculation was done for the highest altitude measurement.

POLAR, after performing a calculation similar to NASCAP/LEO, used particle trajectory
information to obtain space charge densities and electrostatic potentials consistent with

the trajectories in the presence of magnetic field. The POLAR model of Charge-2 was a
right octagonal cylinder with length 3.3 meters and area 4.85 n2 , and the code resolution
was 0.14333 meters. The higher, self-consistent space charge densities brought the

sheath surface closer to the object surface, resulting in a fifty percent increase in current

over the non-self-consistent calculation. We expect that the percentage change will be
less for lower ambient plasma densities. This self-consistency effect explains why the

measured current is consistently above the NASCAP/LEO calculated current. It is worth
noting that the POLAR calculated current of 22 mA does fall below the Parker-Murphy

bound (30 mA) for - sphere with diameter equal to the rocket length.

The three data points below 240 kilometers clearly show measured currents exceed-

ing the magnetically limited value. At 232 kilometers, the collected current is about dou-

ble that calculated, but well under the sheath-limited current; at 165 and 168 kilometers
the measurement is one to two orders of magnitude above the calculation. Simple

46



-9-

ionization models are unable to predict any substantial effect within the sheath. We are
forced to conclude that a complex beam-plasma interaction is taking place at these lower
altitudes.

4. Conclusions

Through the use of three-dimensional modeling we are able to make unambiguous
comparison with measurements, in contrast to with theories valid only for symmetric
geometry.

It has been published previously that NASCAP/LEO is able to obtain excellent
agreement between calculated and measured currents under conditions of negative bias.
The effects of non-spherical geometry and of spacecraft motion can be separated. Also,
NASCAP/LEO was able to obtain good values for the biases on the PLP probes.

Because NASCAPiLEO has poor resolution at the sheath surface, an intelligent
choice of sheath boundary potential is necessary to obtain accurate current collection
values. A non-optimal sheath boundary potential will lead to errors of a few tens of per-
cent. By comparison with analytic models in the same computational environment we
obtained computational results with probable accuracy of better than ten percent. By
comparing the computational results for nominal ion parameters with the measurements,
we conclude that errors are due to the presence of an NO + ion component and probably a
lower ion density than the reported value. The onset of secondary electron emission
above 200 eV must be taken into account.

Under positively biased (by electron beam) conditions, NASCAP/LEO calculations
of magnetically limited current are in good agreement with previously published experi-
mental results at altitudes over 240 kilometers. As the measured currents exceed the
spherical Parker-Murphy bound, it was not clear before these calculations whether simple
magnetically limited collection is adequate to account for the measured currents. These
calculations demonstrate unambiguously that magnetically limited collection was
observed above 240 kilometers. Other mechanisms are needed to explain the observa-
tions at lower altitudes.

As NASCAP/LEO does not treat the modification of space charge by magnetic field
effects, we have run the POLAR code to study the effect of fully self-consistent space
charge on the highest altitude measurement. For this case, fully self-consistent space
charge led to an increase in current of about fifty percent, bringing the calculation into
better agreement with the measurement, and explaining the general trend that the non-
self-consistent calculations lie below the high altitude measurements. As the plasma
density decreases and the sheath lies farther beyond the Parker-Murphy radius, we expect
the difference in space charge treatments to have less effect on the calculated currents.
Note also that the fully self-consistent result is about twenty percent high relative to the
measurement; this is a comparable error to the negative bias results, again suggesting that
the actual densities were below the nominal values.
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In summary, the calculations clearly demonstrate that the published current collec-
tion data above 240 kilometers can be understood in terms of simple, quasi-static sheath
Proces-es with magnetic liiiting for elecxuons. T he tiue low altitude electron current
measurements lie well above the predictions of such theories and indicate that more com-
plex physical mechanisms are at work.
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Figure Captions

Figulre 1. NASCAl"'LEO gridding around the Charge-2 model, showing fine resolution
about the PLP booms and halving of resolution in the outer grid.

Figure 2. Ion collection current: points and line: this paper; horizontal error bars: flight
results.
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